Dynamic simulation, based on modelling, has a signifi cant role during to the process of vehicle development. It is especially important in the fi rst stages of vehicle design, when relevant parameters are to be defi ned. In practice, it is commonly assumed that vehicle vibration parameters are invariable, what is basically not true. Many investigations have shown that vibration parameters degrade in service conditions, what consquently leads to the variation of dynamic characteristics of a vehicle. This paper attempts to indicate, on the basis of the preliminary results, a need to introduce these variations, caused by the thermal impact, in the early stages of vehicle design through the adequate vehicle modelling.
INTRODUCTION
Shock absorbers are an integral part of the elastic suspension system, which directly affect the active vehicle safety. The role of damping in addition to the basic, is to absorb mechanical vibrations transferred from the ground and to ensure the safety of passengers in a vehicle. As it is known, in shock absorbers the kinetic energy of the system transforms into mechanical work or heat [17, 18, 20 ,26-28] . In practice, in the stage of vehicle development, shock absorber parameters are chosen from the condition of damping of vehicle vibrations, but in order to avoid the negative impact on the function, thermal loads should be taken into consideration [26, 28, 30] . The goal is to get as much mechanical work received from the ground into thermal energy to be transferred to the environment and thus provide the cooling of shock absorbers. Wrong choice of shock absorbers, from the standpoint of thermal loads, can cause a rapid degradation of its properties during service. Too much heat, eventually kept "inside" the shock absorber, would cause rapid deterioration of sealing elements and consequently the loss of function of the damping element. Tests have shown that mechanical work is partly converted into heat which is transferred to the working fl uid and shock absorbers body, and the remaining amount of heat delivery is transferred to the environment and thus cools the absorber. Mathematically, it can be displayed by the formula [26, 30]: where:
A -mechanical work (equal to the quantity of heat), Q t -quantity of heat transferred to the shock absorbers body, Q f -quantity of heat transferred to the working fl uid, and Q o -quantity of heat transferred to the environment.
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The work of the force in the shock absorber is interesting because of the analysis of its transformation into heat energy. The force work in the shock absorber is experimentally measurable, but it is hard to measure the amount of heat released from the absorber [26] . This phenomenon is complex and diffi cult to measure, because it is known that a part of the energy is spent to heat shock absorbers elements, such as piston, cylinder, working fl uid, etc. In addition, the nature of heat transfer from the shock absorber to the environment is very complex. Heat transfer is carried out by convection, as dominant, and less by conduction and radiation [26, 28] . From the point of maximal cooling, proper selection of shock absorbers requires a comprehensive analysis of the transformation of mechanical energy into heat. Method of transformation of mechanical energy into heat is largely determined by the shock absorbers design. It is not possible to infl uence directly on the conduction of heat and radiation from the absorber. It is necessary to increase the infl uence of the heat transfer by convection from the absorber to the surrounding environment, as dominant appearance. This is best achieved by design of the vehicle body (fender). The idea is to utilize convection fl ow of the air around the absorber, with the least complexity of the structure. In practice, this solution is rarely used, but can certainly be applied. Making some kind of air defl ectors on the elements of the body should increase the effect of convective heat transfer to the environment. Note that the objective of this study was not to analyze the cooling of the shock absorber, but only thermal load to which it is exposed. Therefore, it was deemed expedient to analyze the heat which is obtained by converting mechanical work into heat energy per time unit. Mechanical work was calculated by use of mechanical model of the vehicle, which will be discussed below. In addition, it is known that in service condition, vehicle vibration parameters vary with vehicle aging [16] , including shock absorbers, and therefore it was deemed appropriate to investigate whether and how much infl uence of degradation of shock absorber parameters does on its thermal load.
VEHICLE MODEL
As mentioned above, kinetic energy due to motion of shock absorber elements is transformed into mechanical work, which is further converted into thermal energy by the mutual friction of moving elements of the shock absorber and oil fl ow through the corresponding holes is [28] . This process will, in this paper, be explained by use of vehicle vibration model.
Vehicle vibration model
The structure of the vehicle model is selected depending on values to be analyzed [7-13, 16-18, 20, 33] . Consequently, in practice, vibration models using different structure and complexity are utilized. In fact, the choice of model should tend to a solution as simple as possible, but to enable simulation of the desired value [7] [8] [9] [10] [11] [12] [13] 16] . Bearing in mind that the aim of this study was to emphasize a need to involve vibration parameters degradation in the model, which will allow the study of shock absorber heat loads, it was found useful to observe vehicle vibration model, which is often, in the literature, called the quarter model [7-13, 16-18, 20, 33] , shown in Figure 1 . , F s -force in the shock absorber, and F t -force in the tire. The force of the spring can be presented by the third-degree polynomial [7, 9-13, 17-21, 28, 31] :
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where: c 1 and c 2 -stiffness parameters, and -relative deformation of the spring. The force in shock absorber depends not only on the relative velocity, but also on the relative displacements and relative acceleration [02, 13] . Analyses showed that the model defi ned in [02, 13] , which includes transcendental functions of acceleration, can be very diffi cult to use in the modeling of vehicles with more than one degree of freedom. This follows from the fact that the acceleration of the tangent function included tangent hyperbolicus, so in this case problems occur with decoupling differential equations of motion for models with two or more degrees of freedom. In addition, it was shown that the acceleration is of minor infl uence on the force then the relative displacement and velocity, and therefore for further analysis model [02, 13] is applied, where force is described by the expression:
where:
i -relative displacement and velocity, respectively, and k 1 , k 2 , 3 , k 4 , k 5 and k 6 -parameters of shock absorber model. Radial force in the tire is also nonlinear [07-13, 16, 17-20, 28 , 31/, and the following expression is used:
-radial deformation of tire, and c 3 , c 4 and c 5 -parameters of tire radial stiffness. It was estimated to be appropriate for the aim of this study to explore the impact of vehicle speed on the amount of heat energy that is obtained from mechanical work. Therefore, two vehicle speeds were introduced, 10 and 35 m/s. It is noted that the objective of this study was not to analyze the way of heat dissipation from the shock absorber, because it is not possible without a complicated experimental procedures, but the analysis of the sources of heat in the shock • • absorber. Analysis was carried out for the case of a vehicle with two passengers, for the motion on a good asphalt road, whose excitation function in time domain is shown in Figure 2 /7/. Specifi cally, as the excitation a poliharmonial function is used, because the analyses have shown that it is a good approximation for the actual road microprofi le [9] [10] [11] [12] . Given the observed vibration model of the vehicle, using Newton's law [19, 20, 22, 33] , the differential equation of the vehicle vibration motion is dispalyed in the following form:
..
where: , -acceleration of unsprung and sprung mass, measured from the equilibrium position, respectively, F s -force in spring given by expression (2), F sh -force in shock absorber given by expression (3), and F t -radial force in tire given by expression (4). Given the highly nonlinear and complex structure of the expressions [02, 03, 04] , even in case of such a simple vehicle model, as well as quasistochastic character of excitation functions, it is obvious that the model described in equations (5, 6) is complex and cannot be solved in fi nal form. Analyses showed that the argument of tangent hyperbolicus function in expression (3) -motion divided by triple variation -lies in the fi eld of -1.8 to +1.8 (determined from experimental data [02, 13] ). Note that the argument of the observed function mostly belongs to the range -1 to 1, and the relative error of approximation of the mentioned function by the MacLaurin polynomial of the third degree is about 9% [02, 13] , which can be accepted for practical reasons. During the simulation, parameters of the vehicle "Zastava 1100" were used, obtained from the manufacturer [33] , and given in It should be noted that the dimensions of the coeffi cients in Table 1 are in SI unit system.
Thermal load of shock absorber
Due to the relative motion of the sprung and unsprung masses, mechanical work is being done in shock absorbers, which is equivalent to the amount of heat Q [06, 21-24, 27, 29, 32] . Mechanical work (amount of heat) is defi ned by the expression [28]:
where: F sh -force in the shock absorber, s r -relative displacement of the piston relative to the shock absoprber's body, v r -relative speed of the piston relative to the shock absoprber's body, and t -time. Power required to excite relative motion of the piston relative to the shock absorbers body is given by:
As it is well known [06, 21-24, 27, 29, 32] , this force is identical to the heat fl ow (fl ux) of heat transfer by convection, and its mean value is: (9) Distribution of most of the amount of heat to the surrounding air is carried out by convection [26, 28, 32] . Formal expression is [06, 21-24, 27, 29, 32] : (10) where: α -heat transfer coeffi cient S -area that heat is taken from, and Δt -temperature difference between the ambient and external surface of shock absorber. As already noted, this analysis did not involve the heat dissipation from the shock absorber, because values α and S are not known. It is obvious that a very extensive experimental studies are needed to determine these values, what will certainly be the subject of special attention in the future.
METHOD
Based on the expressions (1-10), the required parameters of shock absorbers elements are calculated, mechanical work and equivalent heat energy. The aim of this study was to determine the effect of degradation of vibratory parameters, due to their aging in service, on the thermal loading of shock absorber. It was therefore necessary to learn how these changes occur in practice. In the absence of other data, Figure 2 shows the variation of characteristic vibratory parameters of the vehicle with the aging, expressed in kilometers passed [16] . From the Figure 2 it is obvious that the parameters of elasto-damping elements vary during service time. More precisely, their values decrease, and due to the lack of detailed data, it is assumed that the parameter values linearly decrease with the vehicle aging, expressed in kilometers. Data from Figure 2 allow the analysis of the impact of variation of vibration parameters on the variation of dynamic characteristics of the vehicle, i.e. thermal loads of the shock absorber. For the analysis of the impact of variation of dynamic characteristics of the vehicle caused by the variation of the parameters of elastic-damping elements, due to the aging in exploitation, two groups of parameters were introduced, with corresponding factors that take into account these variations. More precisely, bearing in mind Figure 2 , after a straight line approximation, any variation is defi ned by the equation:
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where: -value of vibration parameter after mileage of kilometers, -value of vibration parameter at the beginning of vehicle service, and -factor taking into account degradation of vibration parameters during the vehicle service. In order to take into account the impact of aging on dynamic characteristics of vehicles in service, based on the data in Figure 2 , the corrective parameters are adopted and given in Table 2 . In doing so, it is noted that factor relates to the springs, to the shock absorbers, and to the tires, and two groups of factors: the beginning of the operation are observed: at the beginning of service (group 1) and after 200.000 kilometers (group 2). On the basis of [3] [4] [5] , statistical error values of signal processing are calculated, and for the illustration only data on errors of spectra calculations are given, because they are calculated using signal averaging. Based on the signal length of 1024 points, time increment of 0.01, number of averagings 256, the following values were obtained: "bias" error -0.003, random error of one signal 0.10 and 0.118 for two crossed signals. Such small values for the errors show that these results enable reliable analysis. 
DATA ANALYSIS
Since a detailed analysis of the impact of variation of vibration parameters on the vehicle vibration system has been reported in [7] [8] [9] [10] [11] [12] [13] [16] [17] [18] 28, 31] , it is considered appropriate to show, in Figure 3 , time series of vibration motion of characteristic vehicle masses, while moving over rough road at speed of 10 m/s, in case of new elements of suspension. Figure 3 shows that random excitation of road microprofi le (B), also causes a random function of wheel bounce (c) and supported mass (D). Mechanical work, calculated according to the formula (7), is converted into heat energy in the shock absorbers, and shown in Figure 4 . From the Figure it can be seen that the higher speed of vehicle contributes to the occurrence of a smaller heat load of shock absorbers, in both cases of the applied suspension elements. It is evident that the mechanical work, and consequently, the thermal load of new elements of suspension system, are greater than in those who were in service for 200.000 km, which is logical, given that forces in new shock absorbers are greater. Power that corresponds to the heat fl ux in shock absorbers is calculated, expression (8), and shown in Figure 4 . From the Figure it can be seen that the higher speed of the vehicle contributes to the occurrence of a smaller heat fl ux in shock absorbers, in both cases of the applied elements of suspension system. It is evident that the heat fl ux is greater with new elements of suspension system, which is logical, given that forces in new shock absorbers are greater.
Previously mentioned is illustrated by the data on the mean power, i.e. mean heat fl ux, expression (9), given in Figure 5 , as follows: B: 680,878, C: 227,549, D: 2024,819 and E: 547,802 W. It is obvious that at low vehicle speeds higher mean values of heat fl ux appear, and given the difficulty in heat dissipation, it is evident that lower vehicle speeds are more critical in terms of cooling of shock absorber. Calculated cross-correlation coeffi cient between excitation and heat fl ux, Figure 6 , has values that are relatively high, which means that in the time domain, between these values, there is a signifi cant coupling /3-5/. It should also be noted here that the infl uence of speed and the degree of wear of the elements of suspension system can be observed, but it is somewhat less than that concerning heat and fl ux. The measured ordinary coherence between road excitation and heat fl ux, in Figure 7 , has values that are relatively high, which means that in the frequency domain, between these values a significant coupling exists /3-5/. In addition, the impact of speed and the degree of wear of the elements of suspension system should be noticed, but it is somewhat less than in case of heat and fl ux. The magnitude of transfer characteristic is shown in Figure 8 . Obviously, the resonance of the heat fl ux occurs in an area of around 2.5 Hz, which coincides with the resonances of the sprung mass. It should also be noted that there is an impact of vehicle speed on the heat fl ux, as a result of the infl uence of the degree of wear of the elements of suspension system. In addition, in the fi eld of resonance, higher vehicle speeds cause higher heat fl ux.
Phase angle of the transfer characteristic depends on the frequency. However, in this case the impact of vehicle speed and the degree of wear of the elements of the suspension system on heat fl ux is of minor importance.
CONCLUSIONS
Based on the performed research the following can be concluded: thermal load of shock absorbers can be investigated based on the results of dynamic simulation, vehicle speed affects the thermal loads of shock absorbers. Thermal loads are higher at lower speeds, variation of vibration parameters during the service time infl uences the thermal load of shock absorber. Thermal loads are also higher with new shock absorbers, and in the period to come, the experimental research should be carried out to allow the analysis of the heat dissipation (cooling) of shock absorbers.
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